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We have demonstrated a passively Q-switched Er:Lu2O3 ceramics laser using a monolayer 
graphene saturable absorber. Stable pulsed operation with watt-level average power was 
achieved by a compact linear cavity without focusing on the saturable absorber. This is the 
first demonstration of a passively Q-switched mid-IR Er:Lu2O3 laser using a graphene 
saturable absorber. A maximum pulse energy of 9.4 μJ and a peak power of 33 W were 
achieved with a 247 ns pulse duration. To our knowledge, this is the shortest pulse duration, 
highest pulse energy, and highest peak power obtained with a graphene saturable absorber 
in the 3 μm wavelength region. 
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High-power mid-IR lasers with wavelengths of around 3 μm have many potential 
applications in industry [1] and medicine [2] due to the strong absorption of these 
wavelengths by water. Er3+-doped lasers are currently the most efficient way to obtain lasing 
in the 3 μm wavelength region. Fluoride glass fiber is a suitable host material for Er lasers 
due to its low phonon energy. Er-doped ZBLAN fiber lasers with a continuous wave (CW) 
output of >20 W [3-6] and a pulse energy of 100 μJ by Q-switching [7] have been reported. 
However, fluoride glass has disadvantages, including poor thermal properties, poor 
mechanical strength, and low moisture resistance, resulting in low laser durability. In 
addition, Q-switched pulse energy of a fiber laser will be limited by the core diameter. Er-
doped cubic rare-earth sesquioxide crystals (e.g., Lu2O3, Y2O3, and Sc2O3) are thus attracting 
attention as high-power mid-IR lasers due to their lower phonon energies and higher thermal 
conductivities compared with yttrium aluminum garnet (YAG). In particular, Lu2O3 is a 
suitable host material because its thermal conductivity remains high even at high doping 
levels, due to the similar atomic masses and ionic radii of the Lu3+ and Er3+ ions. A maximum 
CW power of 5.9 W and a slope efficiency of 27% at 2.85 μm have been reported for a 7 
at.% Er-doped Lu2O3 laser [8]. However, the fabrication of sesquioxide single crystals is 
generally difficult due to its high melting point of approximately 2490 °C and slow growth 
rate. High-quality polycrystalline transparent ceramics of the rera-earth sesquioxide, which 
have become available recently, open up the possibility of efficient high-power mid-IR lasers 
due to their advantageous mechanical strength and thermal properties compared with single 
crystals. Polycrystalline ceramics can also be mass produced cheaply as large-volume 
crystals. Er3+-doped ceramics lasers with wavelengths at 2.8 μm have been investigated in 
recent years. We have reported the highest CW output power of 2.3 W and a slope efficiency 
of 29% for high-quality Er:Lu2O3 ceramics [9,10], and detailed the optical properties of these 
ceramics with various doping concentrations. In the next stage, the Er-doped sesquioxides 
will be focused on with Q-switching to obtain much higher peak power. Numerous passively 
Q-switched Er:Lu2O3 lasers at mid-IR have recently been reported using a semiconductor 
saturable absorber mirror (SESAM) [11], MoS2 [12], black phosphorus [13], and graphitic 
carbon nitride [14] as saturable absorbers (SAs). Graphene film, which exhibits wavelength-
independent characteristics and saturable absorption, is expected to become a promising 
saturable absorber for passive Q-switching or mode-locking of mid-IR lasers. Graphene was 
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also recently used for passive Q-switching of mid-IR lasers at around 3 μm, e.g., Er:Y2O3 
ceramics laser [15], Er:ZBLAN fiber laser [16], Er:CaF2 [17], Er:Pr:GGG [18], and 
Ho:Pr:LiLuF4 [19]. 
In this work, we demonstrate a passively Q-switched Er:Lu2O3 ceramics laser using a 
monolayer graphene SA. Stable pulsed operation was observed in a compact linear cavity 
without focusing on the SA. A maximum pulse energy of 9.4 μJ and peak power of 33 W 
were achieved with a pulse duration of 250 ns. This is the first demonstration of a passively 
Q-switched mid-IR Er:Lu2O3 laser using a graphene SA. 
 
An 11 at.% Er-doped Lu2O3 polycrystalline transparent ceramics (Konoshima Chemical 
Co., Ltd.) without coating was used. An efficient high-power laser was demonstrated [20] 
with Yb-doped Lu2O3 ceramic by the same method [21], owing to its excellent optical 
properties. The crystal was completely transparent and exhibited a low optical loss of less 
than 0.3% compared with a predicted maximum transmittance at a wavelength of 2.8 μm 
used for laser emission. The detailed optical characteristics of the ceramics have been 
described in our previous report [10], where the optical transparency, fluorescence lifetime, 
and emission cross section were measured at various doping concentrations of Er3+ ions from 
5 to 15 at%. The 11 at.% sample used in this work exhibits best laser performance at a 
wavelength of 2845 nm. 
To investigate the lasing properties, an 8 mm long Er:Lu2O3 ceramics with aperture size 
of 5×2 mm was pumped with a fiber-coupled laser diode (LD) with a center wavelength of 
971 nm in a plane-plane resonator with a cavity length of 24 mm (Fig. 1). For passively Q-
switched operation, monolayer graphene deposited on an antireflection (AR) coated sapphire 
plate was inserted between the ceramics and an output coupler (OC). The graphene 
monolayer (Graphene Platform Corp.) was formed by chemical vapor deposition and was 
confirmed by measurement of the Raman scattering spectrum. The graphene is known to 
exhibit an initial absorption of 2.3% and a modulation depth higher than 1.5% in the 
monolayer [22,23]. The total transmittance of the sapphire window and graphene film was 
approximately 96%. The pump laser was passed through a dichroic mirror (high transmission 
at 970 nm, high reflection at 2.8 μm) and was focused on the ceramics as a spot 
approximately 350 μm in diameter. The optimized transmittance of the OC in CW operation 
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was 5%. OCs with transmittances of 1, 2, 5, and 8% at 2.8 μm, and a 2.5‒3.1 μm band-pass 
filter were used in the Q-switched experiment. The ceramics was actively cooled in the 
crystal holder using water flow at 20 °C. The cavity length of 24 mm was as short as possible 
using the crystal holder. The output power and temporal waveform were measured using a 
thermopile power meter (3A, Ophir) and InAs photodetector, respectively. Lasing spectra 
were also measured using an optical spectrum analyzer (OSA205C, Thorlabs) with a 
wavelength resolution of ca. 0.1 nm. 
 
Figure 2 shows the average output power as a function of the absorbed pump power for 
CW (OC at 5%) and Q-switched operation. The absorbed pump power was defined by 
measurement of the transmitted LD power. Under CW operation without graphene, the 
output power increased linearly with the pump power to a threshold of 1.3 W, and the 
maximum output power and slope efficiency were 2.6 W and 26%, respectively. To the best 
of our knowledge, this is the highest CW output power obtained with an Er:Lu2O3 ceramics 
laser at 2.8 μm. Under Q-switched operation, the use of the OC with a transmittance of 5% 
afforded a highest slope efficiency of 15%, and subsequently efficiencies of 10%, 7%, and 
5% for transmittances of 2%, 1%, and 8%, respectively. Stable Q-switched pulse operation 
with a monolayer graphene were confirmed by a temporal waveform and a typical waveform 
with 5% OC and 10.6 W pumping, as shown in Fig. 3. The pulse duration and repetition rate 
for the results in Fig. 3 were 304 ns and 146 kHz, respectively. This work is the first Q-
switched operation of an Er:Lu2O3 laser using a graphene SA. Figure 4(a) shows the pulse 
duration and repetition rate plotted as a function of the absorbed pump power in the range of 
5.5‒11.2 W, where a stable pulse train was obtained. The pulse duration decreased and 
repetition rate increased with an increase in the pump power. The shortest pulse duration of 
247 ns was achieved with a repetition rate of 174 kHz and pumping at 11.2 W. Figure 4(b) 
shows the pulse energy and peak power as a function of the absorbed pump power. A 
maximum pulse energy of 9.4 μJ and peak power of 33 W were demonstrated under 10.9 W 
pumping. To the best of our knowledge, these are the shortest pulse duration, highest pulse 
energy, and highest peak power obtained with a graphene SA at around 3 μm wavelength. 
Graphene Q-switching has been reported in the case of Er:Y2O3 ceramics, where the pulse 
energy and peak power were 2.6 μJ and 8.8 W, respectively [15]. Laser output spectra for Q-
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switched operation at various pump powers are shown in Fig. 5. The emission wavelength 
exhibits a red-shift from 2715 or 2725 to 2845 nm with an increase in the pump power. Such 
spectral behavior is similar to that under the CW condition we have reported previously 
[9,10]. A typical intensity profile of the output beam is shown in the inset of Fig. 5. The laser 
beam quality factors were calculated to be M2x=1.2 and M
2
y=1.3. 
In this system, stable pulse trains were observed in the pump power range of 5.5‒11.2 
W; however, the pulse train became unstable and the average power decreased with an 
increase in the pump power above 11 W, as shown in Fig. 2. Such unstable behavior at higher 
pump power is derived from thermal focusing on the gain medium. The effective focal length 
of the Er:Lu2O3 ceramics due to thermal lens effect can be expressed by [24] 
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, (1) 
where Kc is the thermal conductivity of the ceramics, wp is the radius of the pump beam, Pph 
is the pump power that results in heating, α is the absorption coefficient, and l is the length 
of the ceramics. Assuming a pump power of 11 W pump, and employing Eq. (1) with 
Kc=10.6 W/mK, wp=175 μm, and Pph=4.4 W, which is estimated as ca. 40% of the pump 
power [25], dn/dT=9.1×10-6 K-1, α=8.0 cm-1, and l=8 mm, an effective focal length of f=25.3 
mm, which is close to the cavity length (24 mm), is obtained. A focal length that is shorter 
than the cavity length results in unstable resonance under the condition with pumping at >11 
W. For a resonator with a length of 24 mm, the calculated Gaussian mode diameter at the 
crystal position was ca. 320 μm, under the assumption of an effective focal length of 28 mm 
by 10 W pumping, which was close to the pump beam diameter of 350 μm; therefore, good 
spatial mode matching in the gain medium was expected. We have demonstrated passive Q-
switching without any focusing optics in the resonator and with the cavity mode diameter at 
the graphene SA estimated as approximately 300 μm. 











where TR is the resonator round-trip time and ΔR is the modulation depth of the SA. If the 
graphene absorption is fully saturated, then the modulation depth will be ca. 1.5% [17] and 
the estimated pulse duration is ca. 49 ns in a 24 mm long cavity. The effective modulation 
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depth is estimated to be 0.3% from the shortest experimentally obtained pulse duration of 










The saturation fluence of the 11 at% Er-doped Lu2O3 ceramics Fsat is 7.0 J/cm
2 given from 
an emission cross section of approximately 1×10-20 cm2 at a wavelength of 2845 nm, which 
was determined in a previous report [10], where A is the pump spot area, TOC is the 
transmittance of the OC, and α is the round trip loss in the resonator. According to the 0.3% 
modulation depth of graphene, the round-trip loss estimated from Eq. (3) is ca. 6%. This is 
a relatively low loss considering that it includes the non-saturable loss of graphene and the 
substrate, Fresnel loss, and diffraction losses. For more power scaling, the pump power must 
be increased and the cavity length decreased to obtain a higher modulation depth while 
maintaining the stable resonator condition. In theory, a fully saturated graphene monolayer 
has the potential to achieve a pulse duration of 49 ns and pulse energy of 101 μJ in a 24 mm 
long cavity. A multi-layer graphene film may also improve the pulse energy [15] because the 
modulation depth increases with the layer number, even though the non-saturable loss will 
be increased [22]. To reduce the cavity losses, AR coating on the ceramics may be effective 
in this system. Microchip lasers with dichroic coatings on the pump side of the crystal, and 
several layers of graphene and partial reflective coatings on the other crystal surface would 
enable nanosecond pulses with sub-millijoule pulse energies to be obtained [27-29]. In this 
work, it was confirmed that the graphene film is a suitable SA for mid-IR Er:Lu2O3 lasers, 
not only for passive Q-switching but also to achieve passively mode-locking systems [30]. 
 
In conclusion, we have demonstrated a passively Q-switched Er:Lu2O3 ceramics laser 
using a monolayer graphene SA. Stable pulsed operation with watt-level average power was 
performed using a compact linear cavity with a length of 24 mm. This is the first successful 
demonstration of a passively Q-switched mid-IR Er:Lu2O3 laser using a graphene SA. A 
maximum pulse energy of 9.4 μJ and a peak power of 33 W were achieved with a pulse 
duration of 250 ns. To the best of our knowledge, these are the shortest pulse duration, 
highest pulse energy, and the highest peak power obtained with a graphene SA in the 
wavelength region around 3 μm. There is thus a possibility to obtain a nanosecond-order 
pulse with sub-millijoule pulse energy by an increase in the modulation depth of the SA. 
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Figure Captions 
Fig. 1. Schematic of the setup for a passively Q-switched Er:Lu2O3 ceramics laser using a 
graphene SA. 
 
Fig. 2. Average output power of the Er:Lu2O3 ceramics laser as a function of absorbed pump 
power for CW operation (OC 5%) and graphene Q-switched operation (OC transmittances 
of 1, 2, 5, and 8%). 
 
Fig. 3. Typical output temporal waveform of the graphene Q-switched Er:Lu2O3 ceramics 
laser under 10.6 W pumping with 5% OC. Inset: temporal waveform of a pulse in the pulse 
train. 
 
Fig. 4. (a) Pulse duration and repetition rate as a function of absorbed pump power. (b) Pulse 
energy and peak power as a function of the absorbed pump power of the graphene Q-
switched Er:Lu2O3 ceramics laser with 5% OC. Stable pulse train was observed in the pump 
power range of 5.5–11.2 W. 
 
Fig. 5. Laser output spectra for the graphene Q-switched Er:Lu2O3 ceramics laser at various 
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